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I* 
Most investigations of photosynthesis have depended on measure- 
ment of the effects of varying certain external conditions on the rate 
of this process.  It is recognized that "internal factors" also have an 
effect on the rate of photosynthesis.  Internal factors are mentioned 
by both Blackman (1903, p. 281) and Spoehr (1926, p. 161), but owing 
to  the  difficulty of  controlling them  few have  tried  to  investigate 
the  part  they  may  play.  Chlorophyll,  the  most  tangible  internal 
factor, has attracted the attention of numerous investigators.  Some 
have tried to study the relation of different concentrations of chloro- 
phyll to the rate of photosynthesis.  But no one prior to Willst~tter 
and StoU accomplished much in this field,  chiefly because the nature 
of  the  leaf  pigments  was  not  understood,  and  their  quantitative 
determination was impossible. 
Willstiitter and Stoll, having devised satisfactory methods for the 
quantitative  determination  of  leaf  pigments  (1913)~ undertook  to 
study photosynthesis with leaves containing different concentrations of 
chlorophyll.  They  established  beyond  doubt  the  fact  that  during 
photosynthesis  the  amount  of  chlorophyll remains unchanged, even 
during  prolonged  exposure  to  strong  light  at  high  temperatures. 
Pfeffer and Czapek, among others, had suggested that during photo- 
synthesis chlorophyll may be decomposed and  reformed  constantly. 
Willst~itter  and Stoll show that no real decomposition of chlorophyll 
takes place during photosynthesis.  I  quote from them (1918, p. 11) 
the following table: 
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Chlorophyll in 10 g Blgttern vor und nack der Assimilation. 
5 proz. C02, ungef~hr 75000 Lux~ 
Pflanze 
Prunus Laurocerasus ....................... 
Hydrangea opulodes ....................... 
Pelargonium zonale ........................ 
Temperatur und 
Assimilationszeit 
30  °,  6 Stunden 
30  °, 22  " 
30  °,  6  " 
40 °,  6  " 
Chlorophyll (mg.) 
vorder  I  nachder 
Assimila-  [  .~,~imila- 
tion  tion 
12,2  I  12,4 
9,4  l  9,5 
9,2  I  9,1 
12,5  [  12,8 
They show in the same chapter  (see p.  32)  that  not  only is the 
total  amount  of  chlorophyll unaffected by  rapid  assimilation,  but 
neither is the ratio between chlorophyll a and b. 
Nevertheless, they were unable to establish any relationship between 
chlorophyll  content  and  capacity  for  photosynthesis.  They  used 
leaves from green and yellow varieties of the same species, yellowing 
autumn leaves, greening spring leaves, etiolated, and chlorotic leaves. 
Their results are expressed as amounts of CO, reduced per unit amount 
of  chlorophyll.  The following figures, quoted from Willst~ttter and 
Stoll  (1918,  p.  43),  show  some of  the widely differing values  they 
obtained: 
One molecule of chlorophyll assimilates per hour: 
In old autumn leaves of Ampdopsis quinquefolla  18 molecules  of CO2. 
In young autumn leaves of Ampdopsis quinquefolia  164 molecules  of CO,. 
In summer leaves of Sambucus nlgra 135 molecules  of COs. 
In summer  leaves of Sambucus nigra vat. aurea 2463 molecules  of CO,. 
In efiolated leaves of Phaseolus ~ulgaris 2736 molecules  of CO,. 
The  experiments of Willst~tter  and  Stoll  were carried out under 
the usual difficulties involved in working with leaves.  The tempera- 
ture of the  cells of an  assimilating leaf is  never accurately known. 
The palisade cells of dark green leaves screen the internal and lower 
ceils so that all are not equally illuminated.  In yellow leaves, on the 
other hand, the light is much less weakened in traversing the cells, so 
they are more equally illuminated. 
These may be some of the reasons why the results of Willst~tter 
and Stoll fail to reveal any correlation between amount of chlorophyll 
and  rate  of  photosynthesis.  But  in  spite  of  Spoehr's  statement ZOBZZT zm~zSON  611 
(1926, p.  153) that Willst~tter and Stoll have definitely established 
the disproportionality between chlorophyll content and assimilation, 
I  think we must agree that if chlorophyll really takes part in photo- 
synthesis its concentration should bear some regular relation to the 
rate of the reaction.  The results of Willst~ttter  and Stoll show that 
among a wide variety of leaves chlorophyll shows great variation in 
activity.  They do not show, however, that such variation exists in 
leaves chosen to be comparable in all respects other than in chlorophyll 
content. 
The experiments described in this paper were undertaken to see if 
by using comparable cells,  differing so far as possible in chlorophyll 
content  only,  some  regular  relationship  between  chlorophyll and 
photosynthesis could be established.  Such a  relationship,  if estab- 
lished, would afford experimental proof that the green pigment chloro- 
phyll is really concerned in photosynthesis. 
The advantages of working with a  unicellular alga in aqueous sus- 
pension have been emphasized by Warburg.  For studying photosyn- 
thesis at high light intensities suspensions  containing very few cells 
may be used, so that all cells are about equally illuminated.  In thin 
suspensions  the  temperature of  the cells  cannot  differ  significantly 
from that of the surrounding fluid, which may be kept very constant. 
On account of  its  various  conveniences,  therefore,  the  green  alga 
Chlorella vulgaris  was used for this investigation. 
II. 
Method  of Culturing  Cells. 
Spoehr  states  (1926, p.  142) that  chlorophyll content  cannot be 
artificially varied.  However, the chlorophyll content per unit volume 
of cells of Chlorella vulgaris has shown itself to be remarkably sensitive, 
especially to the composition of the culture medium. 
The method of culturing was essentially that described by Warburg 
(1922,  p.  427)  in his papers on photosynthesis..  As this is  already 
adequately described,  I  shall  add here  only  such  modifications  as 
were  used  for  controlling  the  chlorophyll  concentration  per  unit 
volume of cells. 
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sealed into  the tops  for passage  of a  stream of gas.  The entrance 
and exit tubes were plugged with cotton, and the flasks, each contain- 
ing 225  cc.  of medium, were sterilized and inoculated with 3  cc.  of 
cell suspension by means of sterile pipettes.  Usually from 10 to 30 
c. ram. of cells were inoculated into each flask, each flask in a given set 
receiving exactly the same amount. 
The  medium was  prepared  as  Warburg  recommends  (1922)  but 
only one half the amounts of his stock solutions were used per liter of 
medium.  To  dilute  the  stock solutions,  a  solution  of  1.5  per  cent 
glucose was prepared, and an excess of calcium carbonate added, the 
suspension well mixed, autoclaved 20 minutes ~t 13 pounds pressure, 
mixed again, and allowed to cool and settle slowly.  The supernatant 
glucose solution was decanted and used for diluting the stock solutions. 
This procedure of autoclaving with calcium carbonate is recommended 
by Steinberg (1919, p. 358) for removal of traces of heavy metals from 
nutrient media.  It was found that without this treatment chlorophyll 
concentration  could not  be  varied  over  so  wide  a  range,  probably 
because of the relatively large amount of iron present in the glucose. 
Merck's glucose c.1,. was used, and best grade Kahlbaum salts; water 
redistilled  from  a  Pyrex  still  was  used  exclusively.  The  prepared 
medium was of the following composition: 
MgSO4 ................................................  0.01  molar 
KNOB .................................................  0.0125  " 
KH~PO4  ...............................................  0.0090  " 
CaCO~ .................................................  0.0001  " 
Glucose ................................................  about  1.5 per cent 
A  number of experiments were made, a  summary of two of which 
appears in Table I, to determine whether glucose in this concentration 
depresses  photosynthesis.  Numerous  writers  (see  Spoehr,  1926, p. 
159)  have stated  that  the accumulation of end-products materially 
cuts down the rate of photosynthesis.  It might be expected that a 
1.5 per cent glucose solution would show a  marked inhibitory effect. 
No  such  effect could  be  demonstrated,  the  rate  of photosynthesis 
being the same with and without glucose.  The respiration of cells in 
glucose solution was higher, showing that the glucose had penetrated 
the cells. 
The use of glucose in the culture medium of an autotrophic organism RO~EgT Em~RSO~  613 
like Chlorella is of course unnecessary for growth.  But the method 
used for controlling chlorophyll content was to vary the iron concentra- 
tion, and glucose was needed to facilitate growth at low concentrations 
of iron.  With only traces of iron present as impurities in the salts and 
glucose, ChIorella soon becomes heterotrophic, loses all its chlorophyll, 
and continues to grow and live by using glucose.  The writer has used 
this technique of culturing Chlorella in glucose solution before (1927). 
It readily returns to the autotrophic condition and develops chloro- 
phyll if it is returned to a  medium with plenty of iron, with or with- 
TABLE  I. 
No. of  cells 
ram.  | 
32 
32 
10 
10 
Suspension  fluid 
Knop* 
Knop 
Carbonate mixture 
Carbonate mixture 
Glucose 
concentration 
1bet cenJ 
0 
4 
0 
1.5 
Time 
m/n. 
10 
10 
15 
15 
O, evolved 
mm.  s 
43.8 
49.0 
27.0 
27.2 
* When Knop solution was used, it was saturated with 5 per cent CO~ in air. 
TABLE  If. 
Mm3  cells  Mrn3 
~c. Fe2(SOOs  used to  A h  OO  s  cells  ~t  ~bl  • per I0 
stock added  determine  KO  2  extracted  ram. cells 
to culture  A k 
per kr. 
0.25  15.5  0.54  -]-332  -{-126  36.5  57.5  °  34.0  °  0.101 
0.025  8  0.56  -{-155  -b118  38  57.5 °  33.4  °  0.099 
out  glucose.  In  glucose  solutions  poor  in  iron  its  growth  is  of 
course slower than with plenty of iron, but the rate of growth is more 
nearly the same than if no glucose is used.  If one tries to  control 
chlorophyll concentration by growing cultures without  glucose and 
with  graded iron  concentrations,  the  cultures poorest in  iron  grow 
very slowly, turn yellow and sickly, and show abnormal metabolism, 
so  that  they are in  no way comparable with  cells grown on media 
richer in  iron.  For the  same reason  the leaves of piants  grown in 
water  cultures with  different amounts  of iron  are not  comparable. 
Cells  deprived  of  iron,  and  without  sufficient  chlorophyll,  cannot 614  PHOTOSYNTHESIS  AND  CHLOROPHYLL 
remain normal unless they are supplied with carbohydrate from the 
outside.  Glucose was used in  these cultures to obtain  more nearly 
equal growth with different amounts of iron.  Iron was added from a 
stock solution containing 2.1 gin. of ferric sulfate per liter.  Amounts 
varying from 0.50 to 0.01 co. of this stock solution were added to each 
culture of 225 co.  With this range of added iron, and using glucose, 
pure cultures of Chlorella may be grown at roughly comparable rates, 
FIG. 1. 
producing cells of about equal size and equal 
rates  of  respiration,  but  differing widely  in 
chlorophyll content. 
The rate of photosynthesis is independent of 
the iron concentration in the culture, up to the 
point where iron concentration begins to affect 
chlorophyll concentration.  Up to the age of 3 
to 4 days, all cultures produce cells of nearly 
the same chlorophyll content, no matter what 
the iron concentration.  Table I1 shows rate 
of photosynthesis and the chlorophyll content 
for two cultures, one containing ten times as 
much iron as  the other.  Rate  of photosyn- 
thesis per unit volume of cells and chlorophyll 
content per unit volume of cells are nearly the 
same for each culture.  After 4 or 5 days, the 
cultures poorer in  iron  begin  to  show  lower 
chlorophyll concentration, and with this  the 
rate of photosynthesis falls off.  But external 
iron  concentration alone apparently does not 
affect rate of photosynthesis. 
Cultures were grown in  a  glass-bottomed water-bath kept at  19- 
21°C.,  and  illuminated  from  below  with  three  40  watt  internally 
frosted concentrated filament lamps about 30 cm. from the bottoms 
of the culture flasks.  A continuous stream of air containing 5 per cent 
COs was passed through the cultures. 
III. 
Methods of Measuring  Photosynthesis and Chlorophyll Concentration. 
Photosynthesis was  measured manometrically, by  a  method  well 
worked out  and  described by Warburg  (1924).  Fig.  1  shows  the ROBERT  EMERSON  51S 
type of vessel and manometer used.  The total volume of each vessel, 
to the level of the manometric fluid, was about  12  cc.  7 cc. of cell 
suspension were pipetted into each vessel, so that the total gas space 
was about 3 cc.  Under these conditions, 1 c. ram. of oxygen evolved 
at 20°C. causes a change of pressure equal to about 2 ram. of Brodie's 
solution  (the fluid used in the manometer).  To find the amount of 
oxygen evolved in photosynthesis, the change in pressure was multi- 
.o 
15  30  45 
Time in miflute~ 
FIG. 2. 
plied  by  a  constant, Ko2, characteristic for each vessel for a  given 
temperature and volume of suspension.  For the mode of calculation 
of Ko2, consult Warburg (1924). 
The cells were centrifuged out of their culture medium, washed in 
a mixture of 15 cc. M/10 Na~CO3 -t- 85 cc. M/10 NaHCO8 (Warburg's 
"Carbonate Mixture No. 9"),  and suspended in this mixture for the 
measurement of photosynthesis.  The  concentration of CO~  in  this 
mixture is so high that the rate of photosynthesis is independent of 616  PHOTOSYNTHESIS  AND  CHLOROPHYLL 
small changes of CO2 concentration.  The mixture has, according to 
Warburg (1919, p.  238) an OH ion concentration of 10 ~.s,  and con- 
tains 91  X 10 -~ moles of CO2 per liter.  Variation with temperature is 
comparatively small,  the  CO~  concentration  dropping probably to 
about 71  X  10 -e moles per liter at 5°C.  Warburg states that for the 
organism he used, Chlorella pyrenoidosa, this mixture was not injuri- 
ous  for  many hours.  I  found  that  Chlorella vulgaris,  although  it 
would continue to respire and to assimilate CO2 in this mixture for a 
day, showed a  gradual decrease in  rate of photosynthesis after the 
1st hour and a  half.  This decrease amounted to about 20 per cent 
after 5 hours.  Each measurement was carried out without  keeping 
the cells in the carbonate mixture longer than 45  minutes.  During 
this time the rate remained nearly constant.  Fig.  2  shows  amount 
of photosynthesis plotted against time for the 1st  hour for a typical 
set of cells. 
The carbonate mixture is buffered for CO2.  When  1 molecule of 
CO2  is  withdrawn  for  photosynthesis,  2  molecules  of  bicarbonate 
decompose to form carbonate and carbonic acid: 
2NaHCO~---~Na2COs -b H2CO8 
The only changes in pressure are therefore due to the oxygen used in 
CO~ 
respiration  and that  evolved in photosynthesis.  The ratio -OT need 
not be  considered if  the  measurements are  taken in  the  carbonate 
mixture.  Oxygen production is  a  better measure of photosynthesis 
than carbon dioxide consumption because readings of the latter might 
be influenced by fermentation  of the glucose present in the cells. 
Warburg has calculated the "resistance" of the buffer action (capac- 
ity  to  furnish  CO2 at constant pressure) of this carbonate mixture, 
and finds that in  10 cc. of carbonate mixture 0.2  cc. of CO2 may be 
used  up  without  altering  the  CO2  tension  more  than  10  per cent. 
The evolved oxygen resulting from the reduction of 0.2  cc.  of CO2 
would cause under my conditions a  change of pressure of about 400 
ram.  of  Brodie's  solution.  In  no  single  experiment  did  the  total 
amount of photosynthesis ever approach  this  value.  Variations  in 
CO2 concentration were consequently  well under 10 per cent. 
The most satisfactory source of light for high intensities was found ROBERT  EMERSON  617 
to be a  tungsten ribbon lamp using 6 volts drawn  from the  110 volt 
alternating current lighting circuit by a  transformer.  The lamp was 
mounted outside  the  thermostat,  its  light  made nearly parallel  by 
means of a  lens, and thrown on the cell suspension through a  plate 
glass window in the side of the thermostat.  In this way intensities of 
over  100,000  lux were obtained.  This arrangement  proved  to  be 
superior to that involving bulbs immersed in the thermostat, because 
it  made possible  the  use  of  intense  light  without  overheating  the 
thermostat water.  At times when very intense light was not desired, 
ordinary  concentrated  filament  lamps  were placed  directly  in  the 
thermostat, their sockets being imbedded in paraffin blocks. 
Chlorophyll concentration per unit volume of cells was determined 
by washing a known volume of cells with distilled water, and extracting 
with  methyl alcohol until  all  soluble  pigment  was  extracted.  The 
total  extract  was  made  up  to  25  cc.  in  a  volumetric  flask.  The 
extinction coefficient ~ of a sample of this solution, containing chloro- 
phyll, carotin, and xanthophyll, was determined for the wave-length 
X =  670 ~ ~.  This point lies completely outside the absorption range 
of carotin and xanthophyll, and is in the region of maximum absorp- 
tion by chlorophyll in the red.  ¢ was measured on a  K6nig-Martens 
spectrophotometer, the two angles .~1 and ~  being read at equality of 
the halves of the field.  The glass block used in the absorption vessel 
was 10 mm. thick.  Therefore 
~, =  log tan ~  -- log tan 
If x is the number of cubic millimeters of cells extracted  ¢ 670  ×  10  x 
is  the extinction coefficient of the chlorophyll of 10  c.  ram. of cells 
made up to 25 cc. in methyl alcohol.  This value, ~ per 10 c. ram. of 
cells, is proportional to the concentration of chlorophyll alone, because 
the yellow pigments do not absorb in this part of the spectrum.  The 
values of ¢ given in the following pages are of course relative, but they 
may be  translated into  absolute units  at  any time by measuring 
for an alcoholic solution of chlorophyll of known concentration.  No 
attempt was  made  to  determine chlorophyll (a)  and  (b)  separately. 
Willst~itter  has  shown that  their ratio  is  relatively  constant  wher- 
ever  chlorophyll occurs, and that it remains unchanged during photo- 
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IV. 
The Relation  of Chlorophyll Concentration to  Rate  of Photosynthesis. 
Sets of from 3 to 5  cultures were grown for periods of from 5  to 7 
days; to each culture of 225 cc. was added an amount of ferric sulfate 
varying from 1.05 mg. down to zero.  Each culture of a given set was 
started with the same amount of inoculum.  When the cultures had 
developed enough to show a good range of chlorophyll concentrations, 
all were removed from the illuminated bath where they were grown, 
and  placed  in  the  dark  in  the refrigerator,  a  procedure which  did 
not  impair  their  photosynthetic  capacities.  The  rate  of  photo- 
synthesis  at  high  light  intensity  was  determined  for  a  sample  of 
TABLE  IH. 
Rate of respiration 
Culture  No.  Cc. Fe stock solution  mm.l 02 used for hr. per  ~.T0 
added to culture  I0 mm.a  cells 
0.0 
0.025 
0.050 
0.100 
0. 250 
11.0 
6.7 
8.7 
7.7 
7.8 
0.036 
0.045 
0.063 
0.080 
0.085 
cells from each culture, three readings being made with each sample. 
At  the  same  time  another  sample  of  cells  from  each  culture  was 
extracted with methyl alcohol for determining chlorophyll concentra- 
tion.  Usually 5  to 20 c.  ram. of cells in  7 cc. of carbonate mixture 
were used for each measurement of photosynthesis.  With such thin 
cell suspensions, the amount of photosynthesis is directly proportional 
to  the  quantity of  cells,  showing  that  the  light  is  not  appreciably 
weakened by passing through the cell suspension.  Larger quantities 
of cells were used when the chlorophyll concentrations were very low. 
However, this was permissible because the blue light, which is much 
more absorbed by the thick suspensions on account of their carotin 
and xanthophyll content, was present in the light source in such small 
amounts relative to  the light which was unabsorbed by the yellow 
pigments, that it was of no importance in the rate of photosynthesis. 
This was established by measuring photosynthesis with the light beam ROBERT  EMERSON  619 
passing through an orange glass filter cutting out all the light absorbed 
by  the  yellow pigments.  Removal  of  the  orange  glass  caused  no 
change in the rate of photosynthesis. 
Details  of  the  measurement  of  photosynthesis  were  as  follows: 
A  measured amount of cell suspension,  containing a  known volume 
100 
75 
g 
o 
2. 
25 
I  I  I  I 
0.025  0.0,50  0.015  0.100 
£, Re.le.'Live c.~orophytl  c~centr~tion 
FIG. 3. 
of cells, was  centrifugally washed with  the carbonate mixture,  and 
made up to a  definite volume with the carbonate mixture.  7  cc. of 
this suspension were pipetted into a  vessel, the latter was connected 
with its manometer, and illuminated in the thermostat for  a prelim- 
inary period of 15.minutes.  Readings were taken at  intervals of 5 620  PHOTOSYNTI'IESIS  AND  CHLOROPHYLL 
or 10 minutes.  It was found that respiration did not vary with chloro- 
phyll  content,  so  a  uniform  correction  for  respiration  was  made. 
Table III shows rates of respil'ation for four different concentrations of 
chlorophyll.  It  must be remembered  that  these values for "rate  of 
respiration"  were obtained  from  thin  cell  suspensions,  made  up  for 
determining photosynthesis.  The latter is a much more rapid process. 
Conditions were therefore not favorable for accurate measurement of 
respiration.  The  variations  seen  in  Table  III  are  not  beyond  the 
error of the measurements, and there is no tendency for respiration to 
vary uniformly with  chlorophyll  concentration.  The  rate of photo- 
synthesis,  Q_o~, expresses  the  number  of cubic millimeters  of oxygen 
produced by 10 c. ram. of cells in 1 hour.  If 
~h  =  number of ram. change of manometer pressure per hour 
r  =  number of ram.  8 02 used in respiration per hour 
KO, =  constant of the vessel for oxygen 
=  number of c. nan. of cells used for determ~n~ug  ~ h 
then 
Qo2 -M* ×Ko~. X  10 +  r 
n 
For the  determination  of,  a  larger  volume of cells was used than 
for the determination of Qo2.  , was calculated as described in section 
III. 
Fig. 3 shows values of Oo, plotted as ordinates against ~ as absdssa~, 
for  two  different  sets  of experiments.  Detailed  data  for  the  upper 
curve, covering the widest range of chlorophyll concentrations studied, 
will be found in Table V.  The coordinates of the points on both curves 
are given in Table IV. 
Although the curves are not superimposed, both show dearly that 
the rate of photosynthesis at high light intensities is a smooth function 
of chlorophyll concentration.  The relation between the two is nearly 
linear.  It is reasonable to suppose that if all conditions for both sets 
of  cultures  had  been  identical,  the  curves  would  be  superimposed. 
However, it  would be difficult  to  maintain  such  factors as  the  age, 
and the amount and character of the inoculum constant from one set of 
culture  vessels  to  another.  Furthermore,  it  is  a  matter  of  minor 
importance  whether  the  curves  of  different  sets  are  superimposed. 
The important  point is that  in  every set studied,  the points lie on a 
smooth curve similar in character to the two depicted in Fig. 2. ROBERT  EMERSON  621 
It is easy to see how such divergent values as were published by 
Willst~tter and Stoll could be obtained by comparing points on one 
curve of Fig.  3  with points on the other curve.  Take for example 
the two lowest points.  The lowest point on the shorter curve repre- 
sents about twice the chlorophyll content of the lowest point on the 
TABLE  IV. 
Curve A 
Curve B 
Ce. Fe2(SO0~  solution 
added to culture 
0.000 
0.010 
0.025 
0.250 
0.000 
0.025 
0.050 
0.100 
0.250 
(20, 
28.4 
64.0 
91.0 
115.0 
21.6 
34.4 
54.0 
69.0 
73.4 
C670 
0.018 
0.045 
0.082 
0.107 
0.036 
0.045 
O. 063 
0.080 
0.085 
TABLE  V. 
Culture 
Cc.  Fe 
solutlur 
added 
0.00 
0.010 
0.025 
0.25 
Mm.S  cells 
used for 
rate deter- 
mination 
--T- 
12.5 
9.5 
6.6 
Mm.  j 
ells ex- 
racted 
14 
19.0 
19.0 
26.4 
~kmm. 
per 
10 mln. 
-}-  4..' 
+21 ..' 
+23.~ 
+19.( 
KO  2 
0.53 
0.54 
0.56 
0.60 
r  Oo, 
~  28.4 
8  64.0 
8  91.0 
8  115.0 
G.8 ° 
~6.9  ° 
~8.7 ° 
52.3 ° 
m  u 
42.1 ° 
41.3 ° 
38.5 ° 
34.1 ° 
e67o 
per 10 
mm.S  ceils 
0.013 
0.045 
0.082 
0.107 
_  log tan 41  -- log tan 4~ 
×  10 
-  mm?  ceils  extracted 
Ko~ × A k per hour 
Oo~ =  mm3  cells  ×  10  +  r 
longer curve, yet the rate of photosynthesis is slightly lower for the 
higher  chlorophyll content.  Equal  amounts  of  chlorophyll do  not 
cause equal rates of photosynthesis when one set of cultures is com- 
pared with another.  The curves of Fig. 3 present, I believe, the first 
direct piece of experimental evidence that chlorophyll is the pigment 
concerned in photosynthesis.  Clearly the rate of this process, besides 
depending on various external factors such as temperature, illumina- 
tion, and carbon dioxide, is also a  function of the amount of chloro- 622  PHOTOSYNTHESIS AND  CHLOROPHYLL 
phyll present per unit volume of cells.  But to bring out the regularity 
of this function, it is essential that material of different chlorophyll 
content be strictly comparable in other respects. 
The  quantity  ~,  referred to  as  chlorophyll  concentration,  does not 
necessarily indicate concentration in the chemical sense, but only the 
amount of chlorophyll present per unit volume  of cells.  Nothing is 
known about the concentration of the pigment inside the  individual 
cells.  Nevertheless, it may be pointed out that the shape of the curves 
of Fig. 3 is similar to the shape of curves of rate of photosynthesis as 
a function of the true concentration of external factors (carbon dioxide 
and light intensity). 
It seems essential to consider chlorophyll in  relation to these other 
factors in any attempt to explain the  mechanism of photosynthesis. 
A  paper  covering  experiments on  photosynthesis  as  a  ~ function  of 
temperature and of light intensity at different concentrations of chlo- 
rophyll follows the present one. 
SUMMARY. 
Willstiitter and Stoll have studied the rate of photosynthesis as a 
function of chlorophyll content.  However, their experiments fail to 
reveal any regular relationship between these two quantities, probably 
because,  in  order to  obtain  material  differing widely in  chlorophyll 
content, they were obliged to use leaves which were not comparable in 
other respects.  The writer describes a method for varying the chloro- 
phyll content per unit volume of cells of ChIorella vulgaris, maintaining 
other factors constant. 
Experiments are described which show that the maximum rate of 
photosynthesis is a smooth function of the chlorophyll content. 
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